I. INTRODUCTION
In the context of electronic structure theory, ''artifactual'' symmetry breaking means that an approximate wave function does not exhibit the symmetry characteristics of the exact wave function ͑i.e., it fails to transform as an irreducible representation of the molecular point group͒. 1 When an approximate wave function shows a tendency to break spatial symmetry, predictions of properties such as equilibrium geometry and vibrational frequencies become highly suspect. 2 Anomalous predictions can arise even when the correct spatial symmetry is enforced during the computation. [2] [3] [4] [5] [6] [7] [8] [9] Spatial symmetry breaking has been noted most frequently for radicals with symmetry-equivalent atoms. [2] [3] [4] [5] [6] [7] [8] [9] [10] Various approaches have been used to overcome spatial symmetry breaking. Multiconfigurational self-consistentfield ͑MCSCF͒ methods allow an equal treatment of the contributing symmetry-equivalent valence bond configurations and have been used for several symmetry breaking molecules. 5, 7, [11] [12] [13] However, it is not always possible to carry out a large enough MCSCF computation to avoid symmetry breaking; for O 4 ϩ , Lindh and Barnes 7 found it necessary to perform a nonorthogonal configuration interaction ͑CI͒ between two equivalent, symmetry broken complete-activespace self-consistent-field ͑CASSCF͒ wave functions. Ayala and Schlegel 14 have recently discussed nonorthogonal CI approaches to symmetry breaking in the formyloxyl radical, HCO 2 . The application of such methods can be intricate, requiring choices of leading configurations or active spaces. The reliability of more ''black box'' correlated singlereference methods has also been investigated for symmetry breaking molecules. For example, the performance of manybody perturbation theory and coupled-cluster methods using both relaxed-symmetry and constrained-symmetry reference functions has been investigated by Murphy et al. 15 and by Watts and Bartlett. 10 Quadratic CI and coupled-cluster methods have been compared for the spectroscopic constants of O 2 , O 2 ϩ , and O 2 Ϫ by Chandrasekher et al. 16 Additionally, Crawford et al. 8 have reported anomalous coupled-cluster singles and doubles ͑CCSD͒ and CCSD with perturbative triples ͓CCSD͑T͔͒ vibrational frequency predictions for the C 2 A 2 state of NO 2 when a restricted open-shell HartreeFock ͑ROHF͒ reference is used. Several studies 6, 8, 17, 18 have used approximate Brueckner orbitals in conjunction with cluster methods ͓CCSD and CCSD͑T͔͒ after Stanton, Gauss, and Bartlett 19 showed that Brueckner coupled-cluster doubles ͑B-CCD͒ is resistant to artifactual spatial symmetry breaking for a few small molecules. The resistance to symmetry breaking by Brueckner coupled-cluster methods might be ascribed to the inclusion of electron correlation effects in the determination of the orbitals. This motivated us to examine in a previous study 20 whether Kohn-Sham density functional theory ͑DFT͒, which also includes electron correlation effects in the determination of the orbitals, might also be resistant to spatial symmetry breaking. Indeed, all popular DFT methods considered were found to avoid symmetry breaking in several cases (O 2 ϩ , O 4 ϩ , and NO 3 ) where unrestricted Hartree-Fock ͑UHF͒ breaks spatial symmetry. However, closer examination indicated that the determining factor was the exchange functional, rather than the correlation functional. These results were consistent with an earlier study by Bauernschmidt and Ahlrichs 21 which examined Kohn-Sham orbital instabilities along a bond-breaking coordinate for several small molecules.
Stability against artifactual symmetry breaking does not necessarily lead to improved predictions of molecular properties, however; e.g., Crawford and Stanton showed 22 that for molecules exhibiting a second-order Jahn-Teller distortion, Brueckner coupled-cluster methods could provide less reliable molecular properties than coupled-cluster approaches using the usual Hartree-Fock ͑HF͒ reference. By the same token, it is important not only to show that DFT methods are resistant to artifactual symmetry breaking, but also to directly evaluate the accuracy of their predictions of molecular properties. This paper examines density functional predictions of equilibrium geometries and harmonic vibrational frequencies for several small molecules (F 23 some DFT results for additional symmetry breaking molecules: AlO, BO 2 , BS 2 , and AlO 2 . As most symmetry breaking studies consider only a single basis set, here we elucidate basis set effects by using several basis sets from double-to triple-quality. Moreover, the current work may be the most complete comparison to date of various electronic structure methods for these challenging cases.
II. METHODS
This study employs several different basis sets of atomcentered contracted Gaussian orbitals. These include the split-valence polarized 6-31G* basis of Pople and co-workers 24, 25 ͑which is of double-quality in the valence space͒ and the correlation-consistent double-and triplebasis sets of Dunning and co-workers, 26 denoted cc-pVDZ and cc-pVTZ, respectively. The 6-31G* basis contains a set of six Cartesian d-type polarization functions, whereas the Dunning basis sets employ pure angular momentum functions ͑five d's and seven f 's͒. Additionally, a Huzinaga-Dunning 27,28 double-basis with five d-type polarization functions 29 on each atom, designated DZP, was used for comparison to some recent results for NO 3 reported by Crawford and Stanton. 22 All DFT calculations were performed using the Q-Chem package of ab initio electronic structure programs. 30 Several common DFT methods were applied: the local spin density approximation with Slater exchange 31 The DFT results are compared both to experiment ͑where available͒ and to a set of usually-reliable ab initio electronic structure methods, including Hartree-Fock theory, second-order many-body perturbation theory ͑MP2͒, 39 and coupled-cluster theory with singles and double substitutions ͑CCSD͒ 40, 41 and with perturbative triple substitutions ͓CCSD͑T͔͒. 42 Both unrestricted and restricted open-shell Hartree-Fock reference determinants ͑denoted UHF and ROHF, respectively͒ have been used; methods using these references have the prefixes ''U'' and ''RO.'' It should be noted that here the shorthand ''ROMP2'' refers to the ROHF MBPT͑2͒ method of Lauderdale et al. 43 and of Knowles et al., 44 and not the ROMP2 method of Amos et al. 45 Given previous reports of the stability of Brueckner orbitals against symmetry breaking, 6, 18, 19, 46 we have also considered the CCD and CCD͑T͒ methods using Brueckner orbitals, denoted B-CCD and B-CCD͑T͒, respectively. These computations were performed using the ACES II package 47 with all electrons correlated.
Geometries were optimized using analytic energy gradients. [48] [49] [50] [51] Harmonic vibrational frequencies were determined via analytic second derivatives for the Hartree-Fock 52, 53 and UHF CCSD methods, 54 and via finite differences of gradients for other methods. When computing frequencies via finite differences in symmetry breaking cases, it is essential to verify that the same reference solution is followed for all displaced geometries. This was verified here by comparisons of reference energies.
Finally, all computations were restricted to the highest available computational subgroup of the point group of each molecule (D 2h and subgroups are available in the program packages used͒. The effect of relaxing symmetry constraints in DFT for O 2 ϩ , NO 3 , and O 4 ϩ was considered in a previous publication, 20 where it was found that the density has the full symmetry of the molecule unless unusually large fractions of Hartree-Fock exchange are included in hybrid exchange functionals. Previous studies with other methods 2, 10, 15 indicate that equilibrium geometries and vibrational frequencies from symmetry adapted references are generally more reliable than those from symmetry broken references.
III. RESULTS

A. F 2
¿
F 2 ϩ may be the most carefully studied molecule with respect to the reliability of molecular properties for symmetry breaking cases. 2, 10, 15, 55, 56 The ground electronic state of F 2 ϩ has the electron configuration
The computational point group D 2h allows x to become different than y ; this particular type of spatial symmetry breaking is common for linear molecules and is not generally considered to be a significant problem. 15 It has been found empirically that, for F 2 ϩ , breaking inversion symmetry is much more serious; 15 this lowers the wave function symmetry from D ϱh to C ϱv ͑or from D 2h to C 2v ).
Predictions of the bond length and harmonic vibrational frequency of F 2 ϩ are presented in Table I 57 in preference to the data in Huber and Herzberg. 58 The errors are more conveniently seen from Figs. 2 and 3, which plot the errors in bond length and frequency, respectively, for F 2 ϩ . Although the reference functions ͑UHF and ROHF͒ are constrained to have inversion symmetry, we find huge errors in the Hartree-Fock and second-order perturbation theory ͑UMP2 and ROMP2͒ results. With the 6-31G* basis, the Hartree-Fock bond lengths are underestimated by about 0.07 Å, while the MP2 bond lengths are overestimated by an even larger 0.11 or 0.13 Å. These errors are similar to those found by Murphy et al., 15 and they are much larger than those expected for well-behaved molecules ͑roughly Ϫ0.02 and ϩ0.01 Å for Hartree-Fock and MP2, respectively, with a polarized double-basis 59 ͒. Likewise, the 6-31G* HartreeFock harmonic vibrational frequencies are dramatically overestimated by 41% ͑compared to a typical 60 11%͒, and the With the double-basis sets, the CCSD͑T͒ method exhibits larger overestimates of the bond length ͑about 0.04 Å͒ than CCSD, while the cc-pVTZ UCCSD͑T͒ error is quite small ͑0.004 Å͒. These errors may be compared to typical CCSD͑T͒ errors of only 0.014 and 0.002 Å for single bonds with the ccpVDZ and cc-pVTZ basis sets. 61 Errors in CCSD vibrational frequencies are 5%-6% ͑6-31G*͒, Ϫ1% to Ϫ2% ͑cc-pVDZ͒, and 13%-14% ͑cc-pVTZ͒, compared to much smaller average absolute errors 62, 63 of 2% and 4% for polarized double-and polarized triple-basis sets, respectively. CCSD͑T͒ improves frequencies for the 6-31G* and cc-pVTZ basis sets ͑errors of Ϫ2% to Ϫ3% and 3%-4%, respectively, compared to a typical 61 1% for cc-pVTZ͒ and degrades the cc-pVDZ frequency predictions ͑Ϫ11% to Ϫ12% error compared to a usual 2%͒. The coupled-cluster methods provide good estimates of bond length and frequency of F 2 ϩ and follow the typical basis-vs-method trends, although with larger than normal errors.
Lastly we come to the methods based on approximate density functionals. We find excellent bond length predictions with the SVWN, B3LYP, and B3PW91 methods ͑er-rors within 0.005 Å for a 6-31G* basis set͒, and reasonable predictions for BPW91 ͑6-31G* error of 0.029 Å͒. These errors all compare favorably to typical 6-31G* DFT bond length errors of 0.01-0.02 Å. 64 Basis set effects are fairly small for the DFT predictions ͑as usual͒, with the exception of BLYP, which has a maximum error of 0.079 Å with the FIG. 2. Error in theoretically predicted bond lengths for F 2 ϩ using various methods in conjunction with the 6-31G*, cc-pVDZ, and cc-pVTZ basis sets.
FIG. 3.
Relative error in theoretically predicted harmonic vibrational frequencies for F 2 ϩ using various methods in conjunction with the 6-31G*, cc-pVDZ, and cc-pVTZ basis sets.
cc-pVDZ basis. For harmonic vibrational frequencies, the DFT results are again reasonably good, the best predictions coming from the GGA functionals BLYP and BPW91, which were the worst for bond lengths. DFT frequencies are generally within 12% of experiment, compared to a usual error of Ϯ5% for typical molecules. 65 Overall, the DFT results for r e and e in F 2 ϩ are greatly improved compared to Hartree-Fock and MP2 and are generally at least as good as much more expensive coupledcluster computations. Except for HF and MP2, all theoretical methods considered give reasonable results for F 2 ϩ ; however, some errors are more than three times larger than average for well-behaved molecules.
B. O 2 ¿ and O 2
O 2 ϩ is another simple molecule exhibiting artifactual symmetry breaking for Hartree-Fock at its equilibrium geometry. As for F 2 ϩ , experimental data 58 are available to assess the theoretical predictions for this challenging case. The ground state electron configuration of O 2 ϩ is
which is similar to F 2 ϩ by particle-hole equivalence. Predictions for O 2 ϩ are presented in Table I , and errors vs experiment are plotted in Figs. 4 and 5.
The relative performance of the various levels of theory shown in Figs. 4 and 5 is similar to the pattern of Figs. 2 and 3; however, the magnitude of the errors is reduced for O 2 ϩ . For bond lengths, perhaps the most notable change is that cc-pVDZ results are now generally closer to those of ccpVTZ rather than 6-31G*, whereas the opposite is true for F 2 ϩ . For harmonic vibrational frequencies, predictions are substantially improved compared to F 2 ϩ , and basis set effects are much smaller, with cc-pVDZ errors within 1% of FIG. 4 . Error in theoretically predicted bond lengths for O 2 ϩ using various methods in conjunction with the 6-31G*, cc-pVDZ, and cc-pVTZ basis sets.
FIG. 5. Relative error in theoretically predicted harmonic vibrational frequencies for O 2
ϩ using various methods in conjunction with the 6-31G*, cc-pVDZ, and cc-pVTZ basis sets.
cc-pVTZ errors for all methods but HF and MP2. As for F 2 ϩ , we observe substantial differences between ROHF and UHF references only for the MP2 method.
Compared to the experimental 58 bond length of 1.1164 Å, 6-31G* UHF compresses the bond by 0.041 Å, while 6-31G* UMP2 stretches it by 0.071 Å, errors about two and seven times larger than normal. 59 Errors are much improved by the coupled-cluster methods, becoming Ϫ0.011 for UCCSD and 0.001 Å for UCCSD͑T͒ with the cc-pVTZ basis. DFT results are again fairly reliable, with bond length errors generally within the typical 64 Ϯ0.02 Å. Compared to the experimental 58 value of 1905 cm Ϫ1 , Hartree-Fock overestimates the harmonic vibrational frequency by roughly 30%, whereas MP2 underestimates it by 20%-37%, errors roughly three and seven times larger than normal. 60 Again, coupled-cluster results are much improved, with errors of 4%-9% for CCSD, and Ϫ2% to 1% for CCSD͑T͒. The DFT errors ͑р11%͒ are much larger than for CCSD͑T͒, but are comparable to the more expensive CCSD predictions. 66 On the basis of these results, Jacox and Thompson carried out a normal coordinate analysis of the isotopic data for the 1320 cm Ϫ1 fundamental 67 and found that it might reasonably be assigned to the antisymmetric stretch of rectangular O 4 ϩ . Another prominent IR peak at 1164 cm Ϫ1 is assigned to the close-lying trans structure.
In a follow-up study, Barnes and Lindh 6 showed that symmetry breaking can lead to anomalous frequency predictions for the antisymmetric stretch even when correlated solutions derived from symmetric Hartree-Fock reference functions lie energetically below the symmetry breaking solutions at the equilibrium geometry. They further showed that B-CCD͑T͒ leads to 6 (b 3u )ϭ1322 cm Ϫ1 , in good agreement with experiment and the previous CASSI results. This paper reinforced earlier conclusions by Stanton, Gauss, and Bartlett 19 that Brueckner methods seem robust against artifactual symmetry breaking.
The present results are given in Table II . We report only the 6-31G* data and selected cc-pVTZ results which indicate the basis set effects ͑the remaining data are available from the authors͒. The most notable result is that the GGA functionals BLYP and BPW91 are apparently unsuitable for the 4 
With the wide variations in distances, it is not surprising that some harmonic vibrational frequencies also exhibit large variations. The large increase in r c.m. predicted by DFT methods upon increasing the basis from 6-31G* to cc-pVTZ causes a corresponding decrease in the symmetric r c.m. stretching frequency 2 ͑e.g., from 111 to 59 cm Ϫ1 for B3PW91͒. For other frequencies, the DFT predictions are relatively insensitive to basis set effects. The a g symmetric O-O stretching fundamental observed at 1628 cm Ϫ1 is greatly overestimated by Hartree-Fock ͑ϳ2250 cm Ϫ1 ͒ and underestimated by MP2 ͑1090-1380 cm Ϫ1 ͒. Coupled-cluster predictions show small basis set effects and little dependence on the reference function for this frequency. The errors ͓11%-15% and 5%-7% for CCSD and CCSD͑T͒, respectively͔ are somewhat larger than normal, but part of this error is due to anharmonic effects being neglected in the theoretical computations.
The 3 (b 1g ) ring distortion mode and the 4 (a u ) outof-plane mode also show large variations for Hartree-Fock and MP2 and more modest ͑although still large on a relative scale͒ variations with other theoretical methods. In particular, the UMP2 prediction for 3 and the 6-31G* ROMP2 prediction for 4 are clearly anomalous. For the 5 (b 2u )r c.m. antisymmetric stretch, many of the theoretical methods predict an imaginary vibrational frequency, indicating that the D 2h structure of 4 B 1g O 4 ϩ is a transition state rather than a local minimum. Again, the MP2 results are clearly anomalous, and here the choice of reference function has an unusually large effect for the HF, MP2, and coupled-cluster methods. Basis set effects are also large ͑e.g., the B-CCD prediction is 339 cm Ϫ1 for 6-31G* but only 194 cm Ϫ1 for cc-pVTZ͒. In short, theoretical predictions for the 5 mode are completely inconsistent. This was not as clear in previous studies, which considered a much smaller selection of methods and/or basis sets.
Finally, for the antisymmetric O-O stretching mode 6 (b 3u ), Hartree-Fock and MP2 predictions are much larger than those from all other methods and may be rejected as anomalous. The coupled-cluster results show a much larger than normal dependence on the reference function ͑not observed for the diatomics͒, with 6-31G* CCSD results of 1726 ͑UCCSD͒, 2036 ͑ROCCSD͒, and 1201 cm Ϫ1 ͑B-CCD͒. The CCSD͑T͒ method, which is generally thought to be more susceptible to anomalous predictions due to symmetry breaking 9, 16 because of the significant dependence of the perturbative triples correction on the reference orbitals, shows even larger variations of 1921 ͓UCCSD͑T͔͒, 2503 ͓ROCCSD͑T͔͒, and 1326 cm Ϫ1 ͓B-CCD͑T͔͒. Note that the Brueckner coupled-cluster results show a large basis set effect ͓ϩ531 and Ϫ172 cm Ϫ1 , respectively, for B-CCD and B-CCD͑T͒ on going to the cc-pVTZ basis͔. Such a large basis set effect is not seen for UCCSD or ROCCSD ͑changes of 12 and 28 cm Ϫ1 , respectively͒. The DFT results for this frequency are largely consistent with each other ͑1650-1720 cm Ϫ1 with a small basis set effect͒ and with the UCCSD and cc-pVTZ B-CCD results. However, these values are all much larger than the experimentally observed fundamental at 1320 cm
Ϫ1
, which is only approximately matched by B-CCD͑T͒ or 6-31G* B-CCD. Further discussion of this particular frequency is given below.
D. F 4
¿
The F 4 ϩ molecule has been the subject of a recent study by Hiberty and Berthe-Gaujac, 69 who found linear and rectangular structures which lie 13-16 kcal mol Ϫ1 below the F 2 ϩF 2 ϩ dissociation limit. In this study, we provide the first vibrational frequency predictions for the 2 B 1g rectangular complex. Only the 6-31G* and selected cc-pVTZ results are presented in Table III . For the most part, the cc-pVDZ results are fairly similar to those using 6-31G*, with changes in r(FF) and r c.m. usually less than Ϯ0.01 and Ϯ0.03 Å, respectively. Technical convergence problems complicated the finite difference procedure for some vibrational frequencies at certain levels of theory-the affected frequencies are labeled ''n/a'' for ''not available. '' In agreement with Hiberty and Berthe-Gaujac, we find the HF and MP2 methods unsuitable for this complex, yielding substantial errors in the F-F bond length compared to the more robust coupled-cluster and density functional methods, which give r(FF)ϭ1.33-1.36 Å for the larger basis. This compares to experimental 57, 58 bond lengths of 1.412(F 2 ) and 1.305 Å(F 2 ϩ ). The interfragment distance, r c.m. , shows much wider variation ͑2.20-2.56 Å͒. Just as for O 4 ϩ , the DFT values for r c.m. (2.37-2.56 Å) are much larger than other predictions ͑2.20-2.26 Å͒, and some pure ͑i.e., nonhybrid͒ DFT methods even lead to unbound complexes. The vibrational frequencies exhibit substantial variation among different levels of theory, particularly for the a g symmetric stretch ( 1 ), the b 1g deformation ( 3 ), the b 2u deformation ( 5 ), and the b 3u antisymmetric stretch ( 6 ). Note that the Brueckner methods give quite unreasonable frequencies for several modes. The largest differences in the 1 mode occur for the MP2, CCSD͑T͒, and B-CCD͑T͒ methods, which predict substantially larger F-F bond lengths and therefore lower frequencies for the symmetric stretch. For 3 .
E. NO 3
NO 3 has been the subject of intense scrutiny with respect to its tendency to artifactually break spatial symmetry. 19, 22, 70, 71 Given the extensive analysis of basis set effects for the other test cases, for NO 3 we have considered only the DZP basis used in previous work. 22 The results presented in Table IV 22 have suggested that using this linear vibronic coupling model, a harmonic vibrational frequency of ϳ250 cm Ϫ1 might be deduced for the ground state. Assuming the harmonic frequency is in the range 250-380 cm Ϫ1 , we find reasonable estimates by UCCSD, UCCSD͑T͒, and hybrid DFT methods ͓196 ͑B3LYP͒, 255 cm Ϫ1 ͑B3PW91͔͒; overestimates by nonhybrid DFT methods ͓511 ͑SVWN͒, 471 ͑BLYP͒, 481 cm Ϫ1 ͑BPW91͔͒; and completely wrong results from Brueckner-based coupled-cluster. That the hybrid DFT methods appear to match more closely to the experimentally deduced estimates than the nonhybrid DFT methods is very surprising in light of our previous results 20 which show that larger fractions of Hartree-Fock exchange make DFT more likely to break spatial symmetry. Moreover, the UCCSD prediction of 409 cm Ϫ1 is in reasonable agreement with the nonhybrid DFT predictions, and as noted previously, CCSD appears to be one of the more robust methods against artifactual frequency predictions. Taken together, these two observations suggest that the true harmonic frequency 4 may be toward the higher end of the experimentally deduced values, or perhaps somewhat higher.
Molecular geometries and the first two vibrational frequencies are well predicted by the methods considered. The 3 (eЈ) bend shows some variation, with all theoretical predictions substantially too low ͑9%-37%͒ compared to experiment. Notably, B-CCD appears to give the worst prediction of the methods considered ͑1261 vs 1492 cm ϩ . In a very careful study by Lindh and Barnes, 7 presumably reliable estimates of this frequency were obtained by allowing two symmetry-broken CASSCF wave functions to mix by the CAS state interaction ͑CASSI͒ method. A value of 1296 cm Ϫ1 was obtained with a large 6s5p3d2 f atomic natural orbital basis set. On the basis of this result and an analysis of isotropic splittings, Jacox and Thompson 67 further analyzed the experimental data and indicated that the 1320 cm Ϫ1 fundamental ''may reasonably be reassigned to rectangular O 4 ϩ , which possesses isotopic substitution behavior that is virtually indistinguishable from that of the trans isomer.'' A subsequent study by Barnes and Lindh 6 showed that 6-31G* B-CCD͑T͒ predicts a value of 1322 cm Ϫ1 for this frequency, in remarkably good agreement with experiment. 73 This good agreement is consistent with the tendency of Brueckner references to avoid spatial symmetry breaking. 70 However, Crawford and Stanton 22 have subsequently shown that the tendency of Brueckner methods to yield a properly symmetric wave function does not necessarily imply that predictions of molecular properties will be reliable. Moreover, the Brueckner results for 6 change substantially when the more flexible cc-pVTZ basis is used; B-CCD now gives a much higher 1732 cm Ϫ1 , which is similar to the UCCSD, ROCCSD, and DFT predictions. Given previous evidence that CCSD is fairly resistant to artifactual frequency predictions, 9, 16 altogether this weakens the theoretical support for assigning the 1320 cm Ϫ1 fundamental to the
ϩ . On the other hand, the CASSI result 7 of 1296 cm Ϫ1 remains the most sophisticated and believable theoretical treatment of this vibration, and larger than normal differences between UHF and ROHF based CCSD ͑1726 vs 2036 for 6-31G*͒ suggest that O 4 ϩ is a case where CCSD is more susceptible to symmetry breaking effects than normal.
B. On the origin of anomalous property predictions
We have examined several molecules which exhibit artifactual spatial symmetry breaking at the Hartree-Fock level, and we see that theoretical predictions of the molecular properties of these molecules often exhibit anomalously large errors, even when the wave functions are constrained to have the correct symmetry properties. In this section, we explore some possible connections between the tendency to break spatial symmetry and anomalous molecular property predictions.
Burton et al. 5 have attributed anomalous Hartree-Fock vibrational frequencies in NO 2 and HCO 2 to negative eigenvalues of the molecular orbital ͑MO͒ Hessian. More recent work by Crawford et al. 9 shows that anomalous vibrational frequencies for Hartree-Fock and correlated methods based on Hartree-Fock reference functions can be driven by nearzero MO Hessian eigenvalues. Table V presents ROHF MO Hessian eigenvalues ⑀р0.1, configuration interaction singles ͑CIS͒ vertical excitation energies, and the largest ROMP2 T 2 amplitudes for the molecules considered here at their ROHF and ROMP2 equilibrium geometries using the 6-31G* basis ͑DZP for NO 3 ϩ and O 2 have no negative eigenvalues at the ROHF geometry, yet they exhibit errors in the ROHF frequencies around two to three times larger than normal. Second, anomalous frequencies are predicted for several modes which have no associated negative MO Hessian eigenvalues of the same symmetry ͑e.g., there are no negative eigenvalues of a g symmetry which could explain anomalous a g frequencies for the diatomics͒.
Considering next the possible influence of near-zero MO Hessian eigenvalues, we observe several eigenvalues ͉⑀͉ р0.1 in Table V . Unfortunately, it is unclear from previous work how small an eigenvalue's magnitude must be before it can cause anomalous property predictions. Moreover, we have previously noted some examples 74 where quite small eigenvalues cause no apparent difficulties ͑e.g., the 3 B u state of acetylene is well behaved despite a 0.005 eigenvalue͒. Assuming that a near-zero eigenvalue can only cause direct problems for a vibrational mode of the same irreducible representation, there are no near-zero a g eigenvalues which could explain the anomalous a g vibrational frequency predictions of any of the molecules considered. For these symmetric modes, problems with vibrational frequency predictions appear to be linked to the geometry predictions; e.g., overestimated/underestimated frequencies for HF/MP2 are found in conjunction with underestimated/overestimated bond lengths. For nonsymmetric modes, there are eigenvalues ͉⑀͉р0.1 of the proper symmetry for each troublesome vibrational mode; however, as indicated previously, only those eigenvalues much closer to zero seem likely to directly drive anomalous predictions. Moreover, there does not seem to be a good correlation between the most problematic modes and the eigenvalues closest to zero ͑e.g., the b 3u mode of O 4 ϩ seems more difficult than the a u mode, but b 3u MO Hessian eigenvalue is considerably larger͒.
Interactions with nearby electronic states are another possible cause of anomalous predictions ͑i.e., Jahn-Teller or pseudo-Jahn-Teller distortions͒. 22, 75 Such interactions may be related to the previously discussed MO Hessian eigenvalues-one might expect lower-lying electronic states to be associated with negative MO Hessian eigenvalues, and close-lying electronic states to be associated with small eigenvalues ͑although this correspondence is not precise because the MO Hessian eigenvalues give different results from standard excited state approximations͒. The ROCIS method 76 indicates that all of the cases except O 2 feature an excited state within 1 eV. The b 3u mode in O 4 ϩ and F 4 ϩ connects the B 1g ground state with B 2u excited states around 1 eV. In NO 3 , the eЈ vibrational modes allow coupling to a very low lying 2 EЈ excited state. However, other problematic vibrational modes, such as the b 2u mode in O 4 ϩ and F 4 ϩ , and the a g stretch in the diatomics, do not directly couple the ground state to any low-lying electronic states.
Although negative or near-zero MO Hessian eigenvalues or pseudo-Jahn-Teller interactions might explain some of the observed anomalous property predictions, we are left with other anomalous predictions ͑such as those for the diatomics͒ which do not appear to fit in these schemes. Another possible explanation for the poor predictions for these molecules is that a single electron configuration is a poor reference wave function, i.e., that they exhibit multireference character. To examine this possibility, we present the largest two T 2 amplitudes from ROMP2 wave functions in Table V . Although the two largest values ͑0.176 for F 2 ϩ and 0.152 for O 2 ϩ ) are unusually large, the other maximum T 2 values are more modest, in the 0.07-0.12 range. Additionally, there is no clear correlation between the size of the largest amplitude and the difficulty of the molecule.
Another explanation for some of the observed anomalies might be that the symmetric solution interacts with the artifactual, symmetry-broken solutions, as discussed in the insightful paper by Barnes and Lindh 6 on O 4 ϩ . This is similar to the pseudo-Jahn-Teller effect, except that the emphasis is now on the interaction with artifactual solutions corresponding to the same electronic state, rather than with distinct physical states. Without carefully tracing out the relevant solutions, it does not seem straightforward to evaluate the importance of this mechanism for each case. We present such a comparison, between the symmetric and symmetrybroken ROHF solutions for F 2 ϩ , in Fig. 8 . One might try to argue, somewhat analogously to Barnes and Lindh 6 for O 4 ϩ , that the symmetry breaking point ''pulls'' the symmetric curve to the left and leads to a too-short bond. Such an argument is unsuccessful, however, because similar curves for O 2 ϩ ͑not pictured͒ indicate that the symmetry breaking point occurs at a bond length larger than the ROHF equilibrium, yet ROHF still underestimates the O-O bond length. The connection between symmetry breaking and spurious molecular property predictions remains unclear for these cases. It should be noted that the symmetry breaking solutions are also detectable by a MO Hessian eigenvalue analysisnearby symmetry breaking solutions lead to near-zero Hessian eigenvalues, with a zero eigenvalue occurring at the symmetry breaking point.
V. CONCLUSIONS
We have considered the reliability of density functional theory ͑DFT͒ and many other electronic structure methods for molecular properties of molecules prone to artifactual spatial symmetry breaking. For the diatomics (F 2 ϩ ,O 2 ϩ ,O 2 ), comparison to experiment shows that HF and MP2 predictions are unreliable, while DFT and coupled-cluster predictions are reasonable but with errors substantially larger than normal. Less experimental data is available for the more challenging cases of O 4 ϩ and NO 3 , which exhibit larger variations between the coupled-cluster and DFT results. These test cases indicate that DFT is not completely robust against unreliable property predictions, even though it is usually robust against artifactual symmetry breaking in the density itself. 20 These results are in accord with the demonstration by Orlova and Goddard 23 that DFT predictions can be unreliable for the properties of AlO 2 . For rectangular F 4 ϩ , vibrational frequencies have been predicted for the first time. Again, the DFT and coupled-cluster results show substantial variation for some modes. Perhaps most strikingly, BLYP and BPW91 predict no bound solution for rectangular O 4 ϩ and F 4 ϩ , making them completely unsuitable for those molecules. DFT, then, is clearly not a panacea for all symmetry breaking problems. Previous theoretical support for reassignment of the 1320 cm Ϫ1 fundamental to the b 3u mode of rectangular 4 B 1g O 4 ϩ is weakened by the observations that the 6-31G* B-CCD prediction of 1201 cm Ϫ1 becomes 1732 cm Ϫ1 with a larger basis, and that the coupled-cluster and DFT methods generally support a value of 1650-1750 cm Ϫ1 . Finally, directly attributing anomalous property predictions to negative or small MO Hessian eigenvalues or to pseudoJahn-Teller interactions does not appear to explain all of our observations.
